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Abstract. The version 2 Cloud-Aerosol Lidar and Infrared
Pathﬁnder Satellite Observations (CALIPSO) dust layer de-
tection method, which is based only on lidar measurements,
misclassiﬁed about 43% dust layers (mainly dense dust lay-
ers) as cloud layers over the Taklamakan Desert. To address
this problem, a new method was developed by combining
the CALIPSO Cloud-Aerosol Lidar with Orthogonal Polar-
ization (CALIOP) and passive Infrared Imaging Radiometer
(IIR) measurements. This combined lidar and IR measure-
ment (hereafter, CLIM) method uses the IIR tri-spectral IR
brightness temperatures to discriminate between ice cloud
and dense dust layers, and lidar measurements alone to detect
thin dust and water cloud layers. The brightness temperature
difference between 10.60 and 12.05µm (BTD11−12) is typ-
ically negative for dense dust and generally positive for ice
cloud, but it varies from negative to positive for thin dust lay-
ers, which the CALIPSO lidar correctly identiﬁes. Results
show that the CLIM method could signiﬁcantly reduce mis-
classiﬁcation rates to as low as ∼7% for the active dust sea-
son of spring 2008 over the Taklamakan Desert. The CLIM
method also revealed 18% more dust layers having greatly
intensiﬁed backscatter between 1.8 and 4km altitude over
the source region compared to the CALIPSO version 2 data.
These results allow a more accurate assessment of the effect
of dust on climate.
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1 Introduction
Mineral dust emitted from arid and semi-arid regions plays
an important role in climate by altering the radiation bal-
ance in the atmosphere through the scattering and absorp-
tion of solar radiation, and by absorbing and emitting outgo-
ing longwave radiation (Tegen, 2003; Huang et al., 2006a;
Slingo et al., 2006), a phenomenon termed as the “direct
aerosol effect”. They can also cause changes in cloud prop-
erties, such as the number concentration and size of cloud
droplets, which can alter both cloud albedo and cloud life-
time (Albrecht, 1989; Twomey et al., 1984; Huang et al.,
2006b; Su et al., 2008), a phenomenon termed as the “in-
direct aerosol effect”. These impacts are very difﬁcult to
quantify and, thus, a large uncertainty exists in the role that
dust aerosols play in climate variability. The Gobi Deserts in
Mongolia and northern China, and the Taklamakan Desert in
China, are the two dominant dust source regions in East Asia.
Dust aerosols generated in the Taklamakan and Gobi areas
are usually transported eastward by the prevailing westerlies
and can pass over China, North and South Korea, and Japan,
(Iwasaka et al., 1983; Zhang et al., 1997; Murayama et al.,
2001; Uno et al., 2001; Natsagdorj et al., 2003) and some-
times are carried farther across the Paciﬁc Ocean reaching
North America (Uno et al., 2001; Husar et al., 2001; Sassen,
2002).
The Cloud-Aerosol Lidar and Infrared Pathﬁnder Satel-
lite Observations (CALIPSO) mission was launched success-
fully in April 2006 (Winker et al., 2006, 2007) and pro-
vides valuable information on dust aerosols, helping clarify
their climatic role and radiative effects on a global scale.
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Table 1. Window channels characterizations of Infrared Imaging Radiometer (IIR).
Channel Window (µm) Central wavelength (µm) Spectral interval (µm) Resolution (km2)
IR08 8–13 08.65 08.25–09.05 1
IR11 8–13 10.60 10.20–11.00 1
IR12 8–13 12.05 11.60–12.40 1
The primary payload on the CALIPSO satellite is a two-
wavelength, polarization-sensitive backscatter lidar known
as the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP). Among the many instruments carried by the so-
called A-Train constellation of satellites, CALIOP is unique
in its ability to measure high-resolution vertical proﬁles of
both clouds and aerosols within the Earth’s atmosphere all
overtheworld(Winkeretal., 2004). CALIOPdatahavebeen
used to study the occurrence of Tibetan dust plumes (Huang
et al., 2007a), the long-range transport of dust aerosols (Z.
Liu et al., 2008; Huang et al., 2008), the height-resolved
global distribution of dust aerosols (D. Liu et al., 2008),
long-distance dust aerosol vertical distribution over Shang-
hai, China, (Chen et al., 2008), the Saharan dust outﬂow
(Generoso et al., 2008), and Taklamakan dust aerosol radia-
tive heating (Huang et al., 2009). Kim et al. (2008) con-
ﬁrmed that the CALIPSO algorithms discriminate clouds and
aerosols and detect the layer top and base altitudes reliably
by comparing CALIOP and ground-based lidar data at a site
far from the dust source, in Seoul, Korea. However, as
pointed out by Z. Liu et al. (2009), there were a few cases
of erroneous cloud and aerosol classiﬁcation in the current
(as of this writing) CALIPSO data release (Version 2). The
Version-2 algorithm employs a cloud and aerosol discrimina-
tion (CAD) scheme based on three-dimensional (3-D) proba-
bility distribution functions (PDFs) of attenuated backscatter,
the layer-integrated color ratio, and the mid-layer altitude.
The 3-D PDFs were developed from the Shuttle-borne Lidar
In-space Technology Experiment (LITE) and airborne lidar
measurements (Liu et al., 2004). A very dense dust layer
near or over a source region is a typical scene that can be
misclassiﬁed as cloud by the Version 2 CAD algorithm (V2-
CAD) because the dust layer characteristics are in a region
that overlaps with the cloud PDFs in the selected 3-D space.
Although the fraction of cloud and aerosol misclassiﬁcations
due to dense dust is very small globally, it can be frequent
during active dust seasons over source areas.
This study attempts to develop a different approach that
takes advantage of the simultaneous lidar and Infrared Imag-
ing Radiometer (IIR) measurements provided by CALIPSO.
Infrared (IR) measurements have long been used to detect
dust storms (Shenk et al., 1974; Legrand et al., 1985, 2001;
Ackerman et al., 1997). By comparing the brightness tem-
perature difference (BTD) between the 8 and 11µm channels
with that between the 11 and 12µm channels, dust can be
discriminated from clear sky over both the ocean and land.
This IR BTD method is very effective for the detection of
dust storms (Roskovensky et al., 2003, 2005; El-Askary et
al., 2006; Legrand et al., 2001), but often fails to detect thin
dust layers, which may be far from the dust source region.
For global dust plume detection, the best approach may be to
combine lidar and IR measurements.
Section 2 presents the data used in this study. Two test
cases are described in Sect. 3, and the dust identiﬁcation
method is outlined in Sect. 4. Section 5 discusses the vali-
dation and error analysis of data for 2008, while Sect. 6 de-
scribes dust occurrence and vertical proﬁles over the Takla-
makan Desert. Finally, the conclusions and discussions are
given in Sect. 7.
2 Satellite and surface data
2.1 CALIPSO data
The CALIPSO payload consists of the CALIOP, the IIR, and
the Wide Field Camera. CALIOP is designed to acquire ver-
tical proﬁles of elastic backscatter at two wavelengths (532
and 1064nm) from a near nadir-viewing geometry during
both day and night phases of the orbit. In addition to total
backscatter at the two wavelengths, CALIOP also provides
proﬁles of linear depolarization at 532nm.
The IIR, France’s contribution to the CALIPSO payload,
was developed by the company SODERN, with the Centre
National d’´ Etudes Spatiales as the prime contractor. The in-
strument contains a three-channel imaging radiometer in the
thermal infrared at 8.65µm, 10.60µm, and 12.05µm (see Ta-
ble 1). The IIR images provide context to the lidar measure-
ments and allow for co-registration with the MODIS multi-
spectral radiometer aboard Aqua. This paper uses CALIOP
level 1B and level 2 VFM data (version 2), and IIR level 2
Swath Beta (version 2).
2.2 CloudSat data
The CloudSat mission, launched on 28 April 2006 as part
of the NASA Earth System Science Pathﬁnder Program and
of the A-Train constellation, ﬂies the ﬁrst spaceborne mil-
limeter wavelength radar (Stephens et al., 2002). The Cloud
Proﬁling Radar (CPR) on CloudSat operates at a frequency
of 94 GHz and points nominally in the nadir direction only.
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The CPR emits a pulse of 3.3ms in duration leading to a
vertical resolution of approximately 480m. The backscat-
tered signal is oversampled to produce a range gate spacing
of 240m. CloudSat level 2B-CLDCLASS data were utilized.
2.3 MODIS data
Aqua was launched on 4 May 2002. This satellite has a near-
polar low-Earth orbit and carries six Earth-observing instru-
ments that collect a variety of global data. The Moderate
Resolution Imaging Spectroradiometer (MODIS) is one of
these instruments. MODIS is a 36-band spectroradiometer
that measures visible and infrared radiation. Aqua MODIS
level-1B 500m calibrated radiances were used in this study.
2.4 Surface observations
Surface meteorological data, used to independently identify
dust conditions, were obtained from the Gansu Meteorolog-
ical Bureau in China and include daily standard surface ob-
servations and daily charts.
2.5 Data selection
All daytime data were analyzed over the Taklamakan Desert
(36
◦
to 42
◦
N, 72
◦
to 92
◦
E) during spring (March to May)
in 2007 and 2008. To simplify the analysis and for valida-
tionagainstothersatellitedataandsurfaceobservations, only
single feature layer (the spacing of all adjacent features for
one CALIOP proﬁle are below 0.6km) data were used in this
study.
3 Case studies
A dust storm (case 1, 22 April 2007) and a ﬂoating dust event
(case 2, 10 May 2007) over the Taklamakan Desert are exam-
ined in this section.
3.1 Case 1
On 22 April 2007, a dust storm occurred over the Takla-
makan. Figure 1a shows the ground station observations at
06:00UTC, about 1.5h before the CALIPSO passed over-
head. Of the ground stations near the CALIPSO track, 21
stations reported blowing dust with corresponding observa-
tion visibilities around 1 km. Seven stations reported blow-
ing dust with visibilities of about 2km. Two stations re-
ported dust storms and visibilities less than 1km. The wind
speeds were generally between 7 and 12m/s, but at some
stations, they exceeded 13m/s. Such wind speeds are sufﬁ-
cient to produce and support dust storms (Chen et al., 1995).
The Aqua MODIS red-green-blue color image shows distinct
dust plumes between 37.3 and 42.0
◦
N (Fig. 1b).
Independent observations from the nadir-viewing Cloud-
Sat radar (Fig. 2a) did not show any clouds over this region.
Fig. 1. (a) Surface station observations for 06:00UTC, 22 April
2007. The red asterisk represents dust storms, blue asterisk de-
notes blowing dust, and green asterisk indicates ﬂoating dust. Sur-
face wind speeds indicated by arrows: black (<2m/s), blue (3 to
6m/s), purple (7 to 12m/s), and red (>13m/s). (b) True color
Aqua MODIS image over Taklamakan desert for 22 April 2007.
Red, green, and blue are given by intensities for the 0.65, 0.56, and
0.47µm channels, respectively. The yellow line shows CALIPSO
nadir track, and blue segments present single feature layer.
CloudSat observations were taken 12.3s ahead of CALIPSO.
The corresponding CALIPSO lidar 532nm backscatter mea-
surements and feature mask (FMK) derived by V2-CAD are
presented in Fig. 2b and c. Figure 2b shows a strong 532nm
attenuatedbackscatterlayerwithgrayishcolor, similartothat
of optically thin clouds, over the track shown in Fig. 1. The
maximum 532-nm attenuated backscatter coefﬁcient values
can reach 0.014km−1 sr−1 at about 2.1km above mean sea
level (MSL). This strong backscatter layer was classiﬁed as
cloud by the CALIPSO V2-CAD algorithm (Fig. 2c). How-
ever, as can be seen from Figs. 1 and 2a, this layer could have
been a dense dust layer rather than a cloud layer.
3.2 Case 2
The second case, presented in Figs. 3 and 4, was a ﬂoating
dust event. As can be seen in Fig. 3a, there were 14 reports
of ﬂoating dust, 2 of blowing dust, and 1 of a dust storm
from surface stations around the CALIPSO track region (38
◦
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Fig. 2. (a) CloudSat level 2 cloud scenario classiﬁcation prod-
uct, and color bar indicates feature type (0=invalid, 1=high cloud,
2=As, 3=Ac, 4=St, 5=Sc, 6=Cu, 7=Ns, and 8=Deep convec-
tive clouds). (b) CALIPSO altitude-orbit cross section measure-
ments of 532-nm total attenuated backscatter intensity (km−1sr−1).
(c) V2-CAD method vertical Feature Mask (FMK) measurements,
Color bar indicates feature type (feature type: 0=invalid, 1=clear
air, 2=cloud, 3=aerosol, 4=stratospheric feature, 5=surface,
6=subsurface, 7=no signal), in the CALIOP current version 2.01
data for 22 April 2007.
to 42
◦
N). Neither MODIS (Fig. 3b) nor CloudSat (Fig. 4a)
detected clouds along this track. CALIPSO measured a
strong backscatter layer. The maximum 532-nm attenu-
ated backscatter coefﬁcient value of the dust aerosol proﬁle
reached 0.008km−1 sr−1 about 2.6km above MSL (Fig. 4b).
Figure 4c shows that the backscatter layer was misidentiﬁed
as cloud by the CALIPSO V2-CAD algorithm.
Both cases study demonstrate that the CALIPSO V2-CAD
algorithm could not properly identify a dense dust layer over
the dust source due to the stronger backscatter. This result
is the same as that reported by Z. Liu et al. (2004, 2009).
To address this problem, a new method was developed that
combines the CALIPSO active lidar and passive IIR mea-
surements.
4 Development of the combined algorithm
A new dust index (DICLIM) is developed using a combination
of lidar and multispectral IR data. This new index is based on
the principles of the older, separate IR and lidar dust indices
and is tuned using independent dust and cloud measurements
from CALIPSO, CloudSat, MODIS, and the surface taken
during spring 2007. It is then evaluated over the same region
using data from spring 2008.
4.1 IR method
Ackerman (1997) found that BTDs between 11 and 12µm
(BT11−12) were sensitive to dust storms. The absorption
by atmospheric gases at 11 and 12µm is small, and dense
Fig. 3. Same as Fig. 1 except for 10 May 2007.
Fig. 4. Same as Fig. 2 except for 10 May 2007.
dust has a higher emissivity at 12µm than at 11µm. The
BTD11−12 threshold has been widely used to differentiate
dust from other aerosols and cloud (Shenk et al., 1974; Ack-
erman, 1997; Legrand et al., 1985, 2001; Zhang et al., 2006).
Zhang et al. (2006) developed a dust storm mask algorithm
from MODIS observations by combining BTD8−11, which is
the optimal threshold to determine the strength of dust storm,
and BTD11−12, and setting -0.5 K as the dust storm thresh-
old for BTD11−12. By following Zhang et al. (2006), the dust
index (DI) by the IIR measurement (IIRM) method (DIIIRM)
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that distinguishes dust storm aerosols from those of cloud is
deﬁned as follows:
DIIIRM =A0+A1·BTD1+A2·BTD2 (1)
In Eq. (1), BTD1 is the brightness temperature difference be-
tween the IIR 10.60 and 12.05µm channels, and BTD2 is the
brightness temperature difference between the IIR 8.65 and
11.60µm channels, and A0 to A2 are coefﬁcients.
4.2 Lidar method
The current CALIPSO lidar method (V2-CAD) is based on
experience acquired from airborne lidar measurements and
the LITE mission (Winker et al., 1996). The CALIPSO
feature-ﬁnding algorithm is driven by a proﬁle-scanning
engine originally developed for ground-based observations
(Winker et al., 1994) and later adapted for space using LITE
data (Platt et al., 1999). The V2-CAD method is divided
intotwomodules, whichhavethegeneralfunctionsofdetect-
ing layers and classifying them by type. These modules are
the selective iterated boundary locator (SIBYL) algorithm
and the scene classiﬁcation algorithm (SCA). The SIBYL
is adapted to the detection of weak features lying beneath
strong ones using a dynamic threshold scheme (Vaughan et
al., 2004). It estimates layer optical depths, which are then
used to correct the proﬁle data for the signal attenuation of
overlying features. The SCA identiﬁes layers as either cloud
or aerosol, based primarily on scattering strength and the
spectral dependence of the lidar backscattering. The algo-
rithm (V2-CAD) uses PDFs of the layer mean attenuated
backscatter at 532nm, the layer-integrated from 1064 to 532-
nm volume color ratio, and the mid-layer altitude (Z. Liu et
al., 2004).
To facilitate comparison with other methods, we deﬁne a
dust index of the lidar method (LidarM) as:
DILidarM = (2)
B0+B1·β·100+B2·δ·10+B3·χ ·10+B4·ε+B5·ζ
where β is the layer mean attenuated backscatter at 532nm,
δ is the layer mean depolarization ratio (layer-integrated
perpendicular-to-parallel attenuated backscatter at 532nm),
χ is the layer-integrated 1064 to 532-nm volume color ra-
tio, ε is the feature layer top altitude, ζ is the feature layer
base altitude above MSL, and B0 to B5 are the coefﬁcients
for Eq. (2). To compare with V2-CAD, one more parame-
ter is added in the DIlidarM: i.e., the layer mean depolariza-
tion ratio. In addition, the mid-layer altitude in the V2-CAD
method is replaced by the layer top and the layer base alti-
tudes in the DIlidarM.
4.3 Combined method
As Z. Liu et al. (2004) noted, the lidar method misidenti-
ﬁes almost all dense dust as cloud over source regions, but
it can detect thin dust layers accurately. In contrast, the IR
Fig. 5. CLIM method dust aerosol detection ﬂow chart for a seg-
ment.
method can detect dense dust accurately. Thus combining
both the methods allows the detection of both thin and dense
dust aerosols.
To combine the lidar and IR methods (CLIM), the dust
index by the CLIM method (DICLIM) is expressed as:
DICLIM =C0+C1·BTD1+C2·BTD2+
C3·β·100+C4·δ·10+
C5·χ ·10+C6·ε+C7·ζ
(3)
Here, BTD1, and BTD2 are the same as in Eq. (1); β, δ, χ,
ε, and ζ are the same as in Eq. (2); and C0 to C7 are the
coefﬁcients for Eq. (3).
Figure 5 shows a ﬂowchart of the CLIM method. As can
be seen, a feature segment (i.e., a single IIR pixel) between
the adjacent IIR points (ii to ii+1) is selected, and feature
masks are obtained from CALIOP using the SIBYL algo-
rithm (Vaughan et al., 2004). Because the IIR and CALIOP
horizontal resolutions are 1.0 and 0.333km, respectively, ev-
ery segment includes three CALIOP proﬁles. The single-
layer program is used to estimate all the proﬁles in a seg-
ment, whether or not they are single-layer, by the method that
the vertical spacing of all adjacent feature layers in a proﬁle
is less than 0.6km. If all the feature layers of the proﬁles
are single, CALIOP, FMK, and IIR parameters are averaged
in the segment, and DICLIM coefﬁcients are selected from
database lookup tables by provided the latitude, longitude,
andUTC time. Equation (3) is solved for each IIR pixel us-
ingthecoefﬁcientsandmeanparameters, givinganewCLIM
mask that distinguishes dust aerosols (DICLIM<0) from other
features (DICLIM>0).
The coefﬁcients used in Eq. (3), were determined through
Fisher discriminate analysis (Mika et al., 1999) using the in-
dependent data from spring 2007. As Table 2 shows, the
features of each IIR pixel are identiﬁed as clouds if both the
V2-CAD and CloudSat observations cloud. The feature is
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Table 2. Independent cloud and dust aerosol differentiation method using CALIOP, CloudSat, MODIS and Surface stations observations.
CALIOP CloudSat MODIS Surface stations Category
Cloud Cloud / / Cloud
Dust No cloud / / Dust aerosol
/ No cloud No cloud Dust weather Dust aerosol
Table 3. Coefﬁcients in Eq. (3).
Coefﬁcient C0 C1 (K−1) C2 (K−1) C3 (km·sr) C4 C5 C6 (Km−1) C7 (Km−1)
Value −0.59 0.275 0.098 0.595 −0.549 0.000 0.243 0.315
Fig. 6. CLIM method feature mask for the ﬁrst case, (a) 22 April
2007, and the second case, (b) 10 May 2007, respectively.
identiﬁed as dust aerosol, if CloudSat observes no cloud and
the V2-CAD identiﬁes dust aerosol, or if neither CloudSat
nor MODIS detects cloud and surface stations observe dust
weather (dust storms, blowing and ﬂoating dust). The selec-
tion of no clouds by MODIS observations is based on manual
classiﬁcationusingthetruecolorMODISimages(Darmenov
et al., 2005), as seen Fig. 1b and 3b, and the manual classi-
ﬁcation for MODIS data is used only for the region where
CloudSat observes no cloud and surface stations report dust
weather when CALIPSO passes. Altogether, 5185 cloud seg-
ments and 7883 dust aerosol segments were identiﬁed over
the Taklamakan Desert during spring 2007. Table 3 lists the
values of the coefﬁcients in Eq. (3) determined by Fisher dis-
criminate analysis from these data.
These coefﬁcients weight the various input parameters
used in Eq. (3). First, the depolarization ratio can distinguish
certain features (including ice clouds and dust aerosol) from
all others. Second, for dense features, the dense dust parame-
ters, β, δ, and χ, are almost the same as for the same altitude
ice clouds. However, the BTD11−12 is always negative for
Fig. 7. Table 2 selection of cloud (blue bar) and dust aerosol
(red bar) vs. V2-CAD method Feature Classiﬁcation (feature type:
2=cloud, 3=aerosol) for spring 2008.
dense dust and positive for ice cloud, and the dense dust can
be distinguished from dense ice cloud by the CLIM method.
For thin features, the BTD of dust aerosol and ice cloud may
be almost the same over certain surfaces when surface in-
frared radiation can penetrate these features. However, for
ice clouds, β is larger and the layer altitude is higher, while
for dust, β is smaller and the layer altitude is lower; thus,
based on these differences, the CLIM method can distinguish
thin dust from ice cloud.
As discussed in Sect. 3 for cases 1 and 2, there was no
cloud in the study region. The surface stations reported
dust weather, but the V2-CAD method misclassiﬁed the dust
aerosol as cloud. The CLIM method, however, can detect
the dense dust aerosol, in agreement with the results of sur-
face station observations, MODIS, and CloudSat, as shown
in Fig. 6 for cases 1 and 2.
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Fig. 8. Table 2 selection of cloud (blue) and dust aerosol (red) vs.
CLIM method dust index for spring 2008.
Fig. 9. Latitude mean vertical distributions of dust layer occurrence
from CALIPSO observations by V2-CAD method (a), CLIM (b),
and CLIM minus V2-CAD (c) over Taklamakan desert for eleva-
tions below 3km during spring 2008.
5 Validation and error analysis
To validate the CLIM method, an independent dataset for
the same region but from spring 2008 was selected to test
the results. According to the Table 2 data selection steps,
there were 6230 segments of cloud and 6818 segments of
dust aerosol over the Taklamakan Desert during the daytime
in spring 2008.
To test the detection methods under the same standard, the
dust identiﬁcation error (Rd) was deﬁned as follows:
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Fig. 10. Mean vertical proﬁles of dust aerosol occurrence from
CALIPSO observations by V2-CAD method (dotted line), and
CLIM(solidline)overTaklamakandesertforelevationsbelow3km
during spring 2008.
where Ned and Nec represent the number of segments in
which cloud was misidentiﬁed as dust and dust as cloud
by the detection method, respectively, and Nd indicates the
number of dust segments by Table 2 selection method.
The V2-CAD feature mask included the following eight
feature types: 0=invalid (bad or missing data), 1=clear air,
2=cloud, 3=aerosol, 4=stratospheric features, polar strato-
spheric cloud (PSC), or stratospheric aerosol, 5=surface,
6=subsurface, and 7=no signal (totally attenuated). Fig-
ure 7 shows that the V2-CAD method identiﬁed about 0.4%
of the clouds (feature type=2) as dust and about 43.0% of
the dust layers as clouds. Using the CLIM method, 3.8% of
clouds were identiﬁed as dust and 3.2% of the dust layers
were identiﬁed as clouds, as shown in Fig. 8. The Rd, com-
puted using Eq. (4), was 43.4% for the V2-CAD method and
6.7% for the CLIM method.
During the validation period, there were 234 segments of
dust detected as cloud and 227 segments of cloud detected as
dust by the CLIM method. Three clouds types were easy for
CLIM to misclassify. These were thinner cloud, cloud mixed
with dust, and the dust over cloud or underneath thin cloud.
For thin clouds, the BTD was affected by surface-emitted
infrared radiation, and the lidar parameters were the same
as those for the dense dust aerosol. Hence, thin clouds
were identiﬁed as dense dust aerosols by the CLIM method.
Future development of the CLIM method using individual
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Fig. 11. Mean vertical proﬁles of dust aerosols over Taklamakan Desert using (a) 532-nm backscatter attenuated coefﬁcients, (b) particulate
depolarization ratio, and (c) 1064/532-nm backscatter ratio by V2-CAD method (dotted line), and CLIM (solid line) over Taklamakan Desert
for elevationa below 3km during spring 2008.
segments that cross 5km will likely improve performance
for this type of cloud, which often exists at the cloud edge
and has a horizontal range of no more than 2 km.
For dust aerosols over cloud and below thin cloud, the
IIR and lidar parameters were the same, and cloud could not
be distinguished from dust by the current single-layer CLIM
method. This could be solved by future development of the
CLIM method to identify multi-layer features. Cloud mixed
with dust can be considered a new kind of layer feature that
will be studied in the future.
6 Dust occurrence and vertical structure
The frequency of dust aerosol is deﬁned as:
OCCi=Ni,dust/Ni (5)
where Ni,dust and Ni is the number of single dust layer fea-
tures and sum of the number of single layer features (includ-
ing cloud and dust) and clear air in the vertical range i, re-
spectively.
A comparison of latitude mean vertical distributions of
dust layers over the Taklamakan Desert during spring 2008,
derived by the V2-CAD and CLIM methods, is shown in
Fig. 9. Both methods show dust decreasing signiﬁcantly with
altitude. The highest dust aerosol altitude was 6 and 8km for
the V2-CAD and CLIM method, respectively. The CLIM
method, however, showed more dust and greater backscatter
between altitudes of 1.8 to 6km.
As presented in Fig. 9a, the V2-CAD-detected dust occur-
rence for most levels is between 20% and 40%, with only a
few layers having frequencies greater than 40%. However,
dust occurrence identiﬁed by CLIM (Fig. 9b) is generally
larger than 50% for levels between 1.8 and 4km. The CLIM
method detected 10% more dust occurrence than the V2-
CAD method (Fig. 9c), especially for lower altitude ranges
(1.8to4km)byabout20%. Figure10showstheverticalpro-
ﬁles of the regionally averaged dust occurrence. It conﬁrms
the results discussed above. For altitudes in the range of 1.8
to 4km, the dust occurrence derived from CLIM exceeds that
from V2-CAD by more than 18.3%. This may be due to the
fact that V2-CAD misidentiﬁed most of the dense dust layers
in this range. At higher altitudes, such as 5 to 7km, the dust
occurrence derived from CLIM was larger than that from V2-
CAD by only 3.1%.
Figure 11 presents the vertical proﬁles of regionally aver-
aged dust lidar parameters derived from CLIM (solid line)
and from V2-CAD (dashed line) aerosol features over the
Taklamakan Desert during spring, 2008. For the 532-nm
backscatter attenuated coefﬁcients (Fig. 11a), the vertical
proﬁle of CLIM is signiﬁcantly larger, by 0.0011, than that
of V2-CAD for the 1.8 to 4km range. There were two maxi-
mum peaks in this range. One peak is at 2.1km with a max-
imum value of 0.0037km−1 sr−1 and the second is at 3.9km
with a value of 0.0035km−1 sr−1. The two vertical proﬁles
are almost the same above 8km. For the particulate depolar-
ization ratio (Fig. 11b), both vertical proﬁles decrease with
altitude, but the CLIM values are much larger than the V2-
CAD values between 1.8 and 4km. The 1.8 to 4km aver-
aged CLIM value was 0.292, which is 7.4% larger than that
of V2-CAD. Similar results can be seen in Fig. 11c for the
1064/532-nm backscatter ratio. Both maximum ratios were
found at 2km, with values of 0.99 (CLIM) and 0.84 (V2-
CAD). These results further demonstrate that CLIM detected
much more dust between altitudes of 1.8 to 4km over the
source region than did V2-CAD.
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7 Conclusions and discussion
The recently launched CALIPSO satellite provides a wealth
of actively collected data and an outstanding opportunity
for studying dust aerosols. However, the current dust layer
detection from the CALIPSO method based only on lidar
measurements misclassiﬁed about 43% of dense dust lay-
ers over the Taklamakan Desert (estimated using currently
released CALIPSO version 2 data). Although the fraction
of the cloud and aerosol misclassiﬁcation due to dense dust
is very small in a global view, it can be high during active
dust seasons over source regions. This paper presents a dif-
ferent approach that takes advantage of the simultaneous IIR
and lidar measurements provided by CALIPSO. The new ap-
proach (CLIM) combines CALIOP observations to identify
water clouds and thin dust aerosols with IIR BTDs to distin-
guish dense dust from ice clouds. The two test cases demon-
strated that the CLIM method can detect dense dust that was
misclassiﬁed as cloud by V2-CAD. The CLIM results were
conﬁrmed by other independent measurements from the A-
Train satellites, CloudSat and MODIS, as well as from sur-
face stations. The CLIM method results were validated using
2008 data. Results showed that the misclassiﬁed dust ratio
(Rd) of CLIM was much lower (6.7%) than that of V2-CAD
(43.4%). ThisresultindicatesthattheCLIMmethodnotonly
can detect dust aerosols but can also more accurately iden-
tify clouds over the Taklamakan Desert during the daytime
in spring.
The CLIM method also revealed more frequent dust oc-
currence and intensiﬁed backscatter between altitudes of
1.8 to 4km over the source region compared to the cur-
rent CALIPSO version-2 data. The CLIM method generally
showed dust occurrence exceeding 50% in the 1.8 to 4km
altitude range. The height of the dust aerosols could reach
8km, allowing them to be transported via upper troposphere
westerly jets (e.g., Uno et al., 2009). The dust intensities
obtained from CLIM were larger than those from the lidar
method. The seasonal mean 532-nm attenuated backscat-
ter coefﬁcients could exceed 0.0033km−1sr−1, the particle
depolarization was 0.292, and the 1064/532-nm backscatter
ratio was 0.893 for the 1.8 to 4km region.
This approach could be used in evaluating dust classiﬁca-
tion in the release 2 CALIPSO data products over and near
source regions and for intercomparison of the release 3 dense
dust classiﬁcation. The latter uses a 5-D CAD scheme (with
the additional dimensions of the volume depolarization ra-
tio and latitude) that was developed and implemented by Liu
(2009). Dense dust layers are well separated from clouds
in the 5-D space of the version 3 data, planned for release in
early 2010. The CLIM method also misclassiﬁed about 6.7%
of the 2008 validation data. An error analysis showed that
there were three misclassiﬁcation scenarios: thinner cloud
located near cloud edges, cloud mixed with dust, and dust
aerosol layers above or underneath the cloud layer. Further
research should use more surface observations, particularly
lidar data, to validate the CLIM dust aerosol detection capa-
bility.
This paper represents the initial development of this tech-
nique. To test its application globally, the method should be
tested for other dust source regions and during nighttime and
different seasons, and for multi-layer features. Because it
depends only on infrared measurements, it should be opera-
ble for both day and night conditions. For multi-layer dust
or dust covered by cloud case, more sensor measurements
may need to be integrated, such as microwave measurements
(Huang et al., 2007b; Ge et al., 2008). By combining all the
methods, it could be possible to overcome some of the weak-
nesses in techniques used alone.
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